The crystallization of ZnO microrods by hydrothermal treatment of a suspension formed from reaction of zinc acetate and sodium hydroxide has been examined using scanning and transmission electron microscopy as a function of hydrothermal reaction time. Polycrystalline hexagonal ZnO microrods first appeared after 0.5 h reaction time at 120 °C. These early stage rods were composed of stacks of hexagonal layers, each ~ 50 nm in thickness containing closely aligned assemblies of nanocrystallites < 20 nm in size. A further growth stage involving smaller pseudo-hexagonal columns nucleating and growing along <0001> from the (0001) basal layers of preformed polycrystalline hexagonal microrods was identified. For reaction times > 3h, the microrods were single crystals, as identified by TEM lattice imaging and electron diffraction, and many were in the form of double rods.
Introduction
Zinc oxide has attracted considerable attention in recent years due to the distinctive properties of nanostructured forms of this wide band gap semiconductor which may be exploited in new electronic and photonic applications. [1] [2] [3] [4] [5] Conventional uses of ZnO include varistors, piezoelectrics, sensors, photocatalysts, cosmetics and sunscreens. 6, 7, 8 Zinc oxide typically crystallises with the wurtzite hexagonal structure. 9 Physical and electronic properties of ZnO are dependent on particle size and morphology. Hydrothermal synthesis is one of the most popular solution synthesis routes and offers the opportunity to produce ZnO particles in a variety of shapes, and sizes from the micro-to nanoscale. 2, [10] [11] [12] For example, platelets, flower-like clusters, tetrapods and multiple branched structures are reported. [13] [14] [15] [16] [17] Control of particle shape and size may be achieved by variation of: zinc precursor reagent type and concentration, pH, reaction temperature and pressure. 5, [10] [11] [12] [13] [14] 21 Growth control additives, alternatively referred to as capping agents or structure-directing agents, are often employed to moderate ZnO particle shape. Additives include: cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulphate, ethylenediamine, hexamethylenetetramine and citric acid. [18] [19] [20] [21] [22] [23] The effects of the type of precursor zinc reagent have been reported by several groups. For example secondary particles 160 nm in diameter composed of 5 nm primary crystallites was formed from zinc nitrate, but by using zinc acetate, a mixture of 15 nm equiaxed and elongated 40 nm by 15 nm particles was obtained. 24 It was suggested that the differences were related to the chelating effects of the acetate group in hindering the interaction of a polyvinyl butyrate additive with zinc ions during the growth phase. 24 It has been reported that changes to the ratio of OH -to Zn 2+ have only a minor effect on the size of ZnO nanorods. 5 Others have varied the ratio of NaOH to zinc acetate; flower-like structures were obtained at a OH/Zn ratio of 8.2, these increased in size as the OH/Zn ratio increased to 10 (starting pH was not reported). At OH/Zn ratios of 11-12, single hexagonal rods 1-2 um in length were produced. The authors suggested growth occurred from solutions supersaturated with respect to Zn(OH) 4 2-. 25 The occurrence of a hexagonal prismatic morphology [26] [27] [28] [29] [30] [31] is generally assumed to be a consequence of surface energy effects favouring the development of {10-10} and {0001} crystal faces.
This paper commences with a description of particle size and morphology in a sample produced from a 'standard' 12 reaction at 120 °C followed by an examination of particle evolution at shorter reaction times. In contrast to a number of previous papers on hydrothermal synthesis of ZnO, no growth control additives were employed..
Experimental
Zinc acetate dihydrate, 0.0342 mol, (Sigma-Aldrich, ≥ 99.0 % purity) was dissolved in 100 ml distilled water. A precipitate was formed by by adding 100 ml of aqueous NaOH (0. 18 M) to the zinc acetate solution. Addition of NaOH solution (2M) was required to bring the suspension to pH = 9 (total sample volume = 217 ml). The amount of NaOH required to attain pH = 9 was 0.052 mol. The pressure vessel containing the suspension was heated at a rate of 5 0 C/min to a temperature of 120 °C in a box furnace, and maintained at this temperature for 12 h, after which it was cooled at 5 0 C/min to room temperature. These experiments were repeated using shorter reaction times, 0.5, 1, 2, 3, 6 h.
The precipitate from the overall hydrolysis (and dehydration) reactions within the pressure vessel was separated from the solution by centrifugation at 6000 rpm for 5 min. The sediment was re-suspended in distilled water using ultrasonic agitation; the washing-centrifugation sequence was repeated a further five times, with a final wash carried out in methanol.
X-ray diffraction (XRD) of the dried powders was performed using a Philips PANanalytical X'Pert diffractometer. Particle size and shape was observed using scanning electron microscopy (SEM, LEO 15300); structural details were revealed by transmission electron microscopy, TEM (FEI Tecnai F20
FEG-TEM) operated at 200 kV and equipped with a Gatan Orius SC600A CCD camera.
Results and Discussion
X-ray powder diffraction confirmed the product of the standard reaction at 120°C for 12 h to be single-phase ZnO crystallizing with the hexagonal wurtzite structure, Figure The Type III rods may be divided into two sub-groups, IIIa and IIIb. The Type IIIa double rods, Figure 5 , have a sharp interface at the junction between component rods, and lattice planes run coherently across the interface. 28, 30, 33 Other workers have proposed that this type of rod is a result of crystallographic twinning in which growth initiates at a silicon-rich impurity phase detected by TEM at the interface between two rods. 33 However silicon is commonly detected by TEM-EDX irrespective of the specimen composition, and is generally considered to originate from instrumental factors. We found no difference in the background silicon signal (compared to the intensity of copper EDX peaks from the specimen grid) at different points across double rods.
Type IIIb double rods, Figure 6 , have a less regular interfacial junction than Type IIIa, and most probably result from the coming together of two individual Type II rods, aligned along <0001>. Insights into the ZnO particle growth mechanisms were gained by examining particles produced at a series of shorter hydrothermal reaction times < 12 h, and by examining the '0 h' precipitate that provided the feedstock for hydrothermal reaction.
X-ray diffraction revealed that the 0 h precipitate contained crystalline ZnO, along with minor amounts of secondary-crystalline phases which could not be identified unambiguously, although some reflections were consistent with zinc acetate, Figure 7a , indicating incomplete reaction. Hydrothermal reaction at 120 °C for > 1 h eliminated the secondary phases from the XRD pattern, giving a singlephase ZnO product, Figure 7b ,c.
SEM micrographs for as-precipitated 0 h sample, and the products from hydrothermal reaction after 0.5 h, 1 h, and 6 h are presented in Figure 8 . The 0 h sample was composed of large irregular flake-like particles, > 10 µm in size, with a sub-micron surface topography, Figure 8a; ; there was no evidence of hexagonal rod formation. Hexagonal rods similar to Type II and III, described above for the 12 h reactions, first appeared in the 0.5 h reaction product, but these constituted only ≤ 10 % of the sample (projected area in SEM micrographs); most of the sample was still in the form of flake-like particles, Figure 8b . After reaction for 1 h, the sample was predominantly (~ 90 %) rod-like, but many of the rods had not yet developed a well-defined hexagonal morphology, Figure 9c . Well-defined hexagonal rods were produced after ≥ 3 h, Figure 8d . The progression in the formation of Type IIIa rods is illustrated by the three micrographs shown in Figures 9a-c (Fig 9c is from a 3 h sample) . A schematic of the overall ZnO growth processes for the reaction of Zn(CH 3 COO) 2 and NaOH is presented in Figure 10 rods. Alternatively, a mechanism akin to crystallographic twinning has been suggested, which more closely agrees with the incremental growth steps identified in Figure 9 -that may relate to Type IIIa double rods. Indeed, a combination of growth mechanisms may operate, in which early stage rods with opposed polarity basal terminations co-join, followed by subsequent step-wise growth along opposed <0001> directions in the manner shown in Figure 9 .
Some of the isolated Type I < 300 nm particles first identified in the 12h sample were lozenge shaped and may be forerunners of the hexagonal lamellae that stack to form hexagonal rods ( Figure 9 ).
The proportion of Type I was generally ≤ 10 % with no obvious trend with changing reaction times 1-12
h. At higher reaction temperatures, > 120 °C, and/or longer reaction times > 12 h, the hexagonal Type II and III microrods became larger and Type I particles were absent, inferring they were consumed by an Ostwald ripening process in later stages of particle development. 31, 33 In the present case, no growth control additives were used. Hexagonal ZnO plates resulted from a two stage assembly of nanoparticles where the amine, CTAB acted as a template. 34 Clusters of ZnO nanowires were formed in the presence polyvinyl pyrrolidone (PVP). 35 Branched, impeller-like structures were formed on glass substrates, involving clusters of inclined nanorods growing off micron scale ZnO pillars. 36 Bipods similar to the present Type III particles from NaOH were formed from zinc nitrate, ethyleneglycol and urea; lattice imaging showed the rods to be aligned along <0001>, and an inversion domain boundary was proposed in which particles grew in opposed
[0001] and [000-1] directions from a silicon rich region thought to arise from silicon impurities, as discussed earlier in the text. 
